The mechanisms of endothelin-1 (ET) actions were investigated in cultured rat aortic vascular smooth muscle A-10 cells. 
Introduction
Endothelin-I (ET),' a novel peptide produced by vascular endothelial cells, is one of the most potent vasoconstrictors known so far (1, 2) . Our previous studies demonstrated that activation by ET of the voltage-dependent Ca2+ channel plays an important role in ET-induced vasoconstriction (1-3). Sub- sequent studies by us and other investigators have revealed that ET also stimulates phospholipase C to produce inositol trisphosphate (1P3) and to mobilize intracellular Ca2" in vascular smooth muscle (4) (5) (6) (7) (8) (9) and other types ofcells (10, 1 1). These results suggest that ET activates the dual transmembrane signaling pathways in the target cells, i.e., inositol phospholipid hydrolysis and Ca2" channel gating.
Recent studies have established a pivotal role for the hydrolysis products of inositol phospholipids as second messengers in actions of numerous hormones (12, 13) . In many cases receptor stimulation by these Ca2"-mobilizing hormones is coupled to phospholipase C activation via guanine nucleotidebinding regulatory proteins (G proteins) (14, 15) . In some instances, however, the activation of phospholipase C is a secondary event resulting from either agonist-induced stimulation of Ca2+ influx across the plasma membrane (16, 17) or some other mechanisms including phosphorylation by a receptor-tyrosine kinase of phospholipase C (18) . At present, the nature of ET receptor(s) and the mechanism by which the receptor activation is coupled to phospholipase C stimulation are not known.
In the present study, to understand in depth ET actions in vascular smooth muscle, we tried to characterize the receptor and the signal transduction mechanisms of ET using cultured rat aortic vascular smooth muscle cells (A-10 cells). We concluded from the results that ET binds to and activates a single class of high affinity receptors which are coupled to phospholipase C via a pertussis toxin-insensitive G protein. ( 19) . Measurements of inositol phosphate production and cellular 1,2-diacylglycerol content. For measurement of inositol phosphate production, cel!s were prelabeled with myo-[2-3H]inositol (4 MCi/ml) in DME containing 0.3% BSA for 24 h and stimulated by various concentrations of ET for indicated time periods at 37°C. The reaction was stopped by replacing media with ice-cold 10% perchloric acid (PCA) solution. The neutralized PCA extract was analyzed for inositol phosphates using Dowex columns as described (20) . The cellular content of 1,2-diacylglycerol was measured by an enzymatic method using an Escherichia coli diacylglycerol kinase according to the method described by Preiss et al. (21) .
Measurement ofinositol phosphate production in the plasma membranes. A-10 cell membranes were obtained as described above, except that the homogenization buffer contained 250 mM sucrose, 1 mM EGTA, 1 mM ATP, 0.1 mM MgCl2, and 10 mM Tris/HCl (pH 7.4), and membranes were resuspended in a buffer containing 5 mM MgCl2, 1 mM EGTA, 10 mM LiCl, and 50 mM Hepes/NaOH (pH 7.4). The membranes were incubated with l0-7 M ET and/or various concentrations of GTPyS in the presence of 10-' M free Ca2+ concentration determined by a Ca2+-EGTA buffer (22) at 37°C for 1 min. The reaction was terminated by addition of PCA (a final concentration of 10%) and analyzed for inositol phosphates as described above.
In vitro ADP-ribosylation ofA-IO cell membranes. A-l cells, either untreated or treated with 10 ng/ml pertussis toxin for 24 h, were washed twice with PBS, scraped, and homogenized in a homogenization buffer containing 5 mM EDTA, 1 mM dithiothreitol, and 10 mM Tris/HCl (pH 7.4). The homogenates were briefly sonicated and centrifuged at 10,000 g for 5 min at 40C. The resulting pellet was resuspended in a homogenization buffer. The membranes (30 (Fig. 2 A) . These findings suggest that ET induces Ca2+ mobilization from both intra-and extracellular pools. Previous studies suggested that ET acts on porcine coronary artery smooth muscle cells to activate a dihydropyridine-sensitive Ca2+ channel. However, in the present study a dihydropyridine Ca2+ channel antagonist, nicardipine, did not inhibit the plateau phase of the [Ca2+]i response to ET at concentrations up to 1 X 1o-6 M in A-10 cells (Fig. 2 A) . Effects ofET on inositol phosphate and 1,2-diacylglycerol production in A-JO cells. As shown in Fig. 3 Fig. 3 B, ET-induced production of IP3 increased dose dependently. The response was saturated at 10-7 M ET. The ED50 value for the response was estimated to be -3 X 10-9 M. The ET-evoked inositol phosphate productions were not significantly affected by extracellular Ca2' removal, suggesting that ET-induced stimulation of inositol phosphate production is not a result of stimulation of Ca2+ influx across the plasma membrane (data not shown). Table I shows the time course of ET-induced changes in cellular I,2-diacylglycerol content. Within 20 s ofET (10-7 M) addition, cellular 1,2-diacylglycerol content increased significantly and continued to rise for 5 min, when the maximal value of 2.3-fold over the basal level was observed. These results indicate that ET activates phospholipase C, which catalyzes the breakdown of polyphosphoinositides in A-I0 cells.
Effects of GTP-yS on ET binding and ET-induced inositol phosphate production in A-10 cell membranes. To examine whether the receptor for ET was coupled to a G protein, the effect of a nonhydrolyzable GTP analogue, GTPyS, on the specific binding of ET to membranes prepared from A-10 cells was studied. As shown in Fig. 4 , GTP-yS inhibited the specific binding of '251-ET to A-10 membranes in a dose-dependent manner. At 100 gM, GTPyS inhibited the '251-ET binding by 70%.
We next examined the effect of GTPyS on ET-induced inositol phosphate production in A-10 cell membranes. In the absence of GTPyS, 10-' M of ET-alone did not significantly stimulate inositol phosphate production (Table II) . GTPyS (10-6 M) by itself had a small stimulating effect on inositol phosphate production (80% increase in IP2 and no increase in IP1 and IP3). However, if ET was applied together with GTPyS, a marked increase (510%) in IP2 production and significant increases in IP1 and IP3 (70% in IP1 and 180% in IP3) were induced. Fig. 5 shows the dose-dependent effects of GTPyS on ET-induced inositol phosphate (IP2 plus IP3) production in A-l0 membranes. As little as IO`7 M GTPyS significantly enhanced ET-induced inositol phosphate production.
The effect ofpertussis toxin pretreatment on ET-induced inositol phosphate production and Ca2" mobilization in A-JO cells. As shown in Table III, exposure nM). The effectiveness of pertussis toxin pretreatment in intact A-10 cells was proven by the fact shown in Fig. 6 that a 41,000-D protein of the plasma membranes prepared from A-10 cells pretreated with pertussis toxin for 24 h was not significantly ADP-ribosylated in vitro by pertussis toxin in contrast to the membranes prepared from nontreated A-10 cells. These results suggest that a G protein, distinct from the pertussis toxin substrates, coupled the ET receptor to phospholipase C in A-10 cells.
Discussion
Previous studies by us and other investigators demonstrated that ET activates phospholipase C to produce IP3 and 1,2-diacylglycerol in vascular smooth muscle and other cell types (5-1 1) . The results in the present study confirm these observations and further demonstrate that ET stimulates phospholipase C by a guanine nucleotide-dependent mechanism in cultured vascular smooth muscle A-10 cells. A-10 cells possess a single class of high affinity receptors for ET (Fig. 1) . The binding of ET to the receptors on A-10 cell membranes is inhibited by a nonhydrolyzable GTP analogue, GTPyS, in a dose-dependent manner (Fig. 4) . The inhibitory modulation by guanine nucleotides of the binding of various agonists to their respective receptors is a well-known characteristic found in the receptors that interact with G proteins (23, 24 (33) . Thus, the Ca2" channel activation might be secondary to the proximal membrane signal transduction events, including the activation of phospholipase C in coronary artery smooth muscle. It would be very interesting to know the precise mechanisms by which ET induces activation of Ca2" channels in coronary artery smooth muscle and other types of cells.
In conclusion, the present results indicate that the receptor activation by ET is coupled to phosphoinositide hydrolysis through a pertussis toxin-insensitive G protein and gating of dihydropyridine-insensitive Ca2" channels, leading to Ca2" mobilization from both intra-and extracellular pools and activation of protein kinase C in cultured aortic vascular smooth muscle. It is suggested that these transmembrane signaling pathways play an important role in mechanisms for ET-induced vasoconstriction (34-36).
